Most models of light propagation through tissue assume that the scattering properties of various tissue layers are the same. We present evidence that the scattering coefficient of cervical epithelium varies by a factor of 3 within the epithelium owing to variations in nuclear density and to the presence of keratin. We estimated the scattering coefficient from regions of normal and precancerous cervical epithelium by fitting reflectance measurements from confocal images to an exponential function of depth based on Beer's law of attenuation. The results suggest that the normal cervix is characterized by highly variable scattering in the superficial epithelium, low scattering in the intermediate epithelium, and high scattering in the basal and stromal regions. In high-grade dysplasia, high scattering from high-density nuclei is observed throughout the entire epithelium.
Introduction
The interaction of light with tissue provides a noninvasive tool for monitoring biochemical, morphologic, and architectural changes associated with disease. A number of recent clinical trials have demonstrated the potential of real-time, quantitative optical spectroscopy and imaging technologies to aid in the early detection of disease. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Many of these techniques, including fluorescence and reflectance spectroscopy and imaging, [1] [2] [3] [4] [5] [6] [7] 12 Raman spectroscopy, 13, 14 confocal imaging, [15] [16] [17] and optical coherence tomography 18 -19 have demonstrated potential for detecting early changes associated with the dysplasia-to-carcinoma sequence, 20, 21 including increased nuclear size, pleomorphism and nuclear-to-cytoplasmic ratio, increased metabolic activity of epithelial cells, increased angiogenesis, and decreased structural protein density associated with precancer. 22 At the same time, more sophisticated models were recently developed to aid in the analysis of optical signals and to directly extract quantitative information about these biochemical and structural changes. [23] [24] [25] These models have been used to suggest new fiber-optic probe geometries to maximize the contrast between optical signals of normal and precancerous tissue. 23, [25] [26] [27] [28] [29] Despite the promise of the above approaches such models rely on an accurate knowledge of the optical properties of the normal and precancerous epithelium and stroma to provide useful information for analyzing tissue data and for guiding the development of fiber-optic probes for in vivo use. In particular, these models require accurate values for the absorption coefficient, the scattering coefficient, and the scattering anisotropy of both the epithelium and the stroma.
Several methods were developed to compute the optical properties of tissue from measurements of collimated transmission, diffuse transmission, and diffuse reflectance 30 -32 or from reflectance measurements made at varying source-detector separations. 33, 34 In general, these methods assume that the optical properties of the sample are homogeneous; recent studies 24, 35 have shown that the optical properties vary throughout the epithelium and that this variation is correlated with not only clinical factors, such as the patient's age, but also with disease-related factors, such as the presence or absence of precancer. Although optical properties have been derived by use of approaches based on the assumption of homogeneity for a number of epithelial tissues, including the bladder, colon, skin, and esophagus, 30, 36, 37 it is likely that the reported values are dominated by the optical properties of the stroma, which occupies the largest volume fraction of the tissue and which likely has the largest absorption and scattering coefficients.
To use multilayer models of tissue spectroscopy to analyze data acquired in vivo 38 and to design sophisticated fiber-optic probes to separate signals from different epithelial and stromal layers, 29 we must have accurate values for the optical properties of the epithelium and an understanding of the length scales over which they vary. In an attempt to address this critical need, Qu et al. microdissected the epithelium of bronchial tissue and separately measured the scattering of the epithelium and stroma. 39 They measured the scattering coefficients of 200 and 225 cm Ϫ1 at 700 nm for epithelial and stromal tissue, respectively. Optical sectioning provides an alternative approach to physical sectioning; using reflectance-based confocal microscopy, the depth dependence of reflected light from epithelial cells can easily be probed. [15] [16] [17] Several groups have measured the depth-dependent decay of reflected light in tissue phantoms by using both optical coherence tomography and confocal microscopy; intensity was observed to decay exponentially according to the scattering coefficient. 40 -42 We previously 43 measured the depth-dependent decay of reflected intensity from normal and precancerous ex vivo cervical tissue samples by using a confocal microscope. We used these data to estimate the average epithelial scattering coefficient. In this previous analysis we assumed that the reflectance intensity as a function of depth, I͑z͒, could be expressed as (1) where I 0 is the incident intensity, R is the average reflectivity, and t is the attenuation coefficient, which is the sum of the absorption and scattering coefficients. Equation (1) assumes that excitation and reflected light travel parallel to the optical axis, which is equivalent to assuming a low numerical aperture. Furthermore, it assumes that the tissue reflectivity and attenuation coefficients are independent of depth. Equation (1) was used to analyze measurements of the intensity of the reflected light measured as a function of depth to extract the average attenuation coefficient of the epithelium. In the near infrared, where confocal measurements are frequently made, the scattering coefficient is generally at least an order of magnitude greater than the absorption coefficient, so this process was used to estimate the epithelial tissue scattering coefficient. 39, 44, 45 In this previous study the reflectance values were measured at a limited number of depths so that the depth dependence of the attenuation coefficient could not be estimated. However, computational estimates of the tissue scattering coefficient, based upon the finite-difference timedomain numerical solution to Maxwell's equations, indicate that the scattering coefficient of cervical tissue likely varies substantially throughout the epithelium. 35 The scattering cross section of normal cervical epithelial cells decreases as one goes from the superficial to the intermediate layer, but then increases in the basal-parabasal layer. 35 The scattering cross sections are significantly greater for dysplastic cells.
The goal of the present study is to measure confocal reflectance images of normal and precancerous cervical tissue at a greater number of depths throughout the epithelium. We analyze these data qualitatively to understand the variations in the sources of image contrast throughout the epithelium. Furthermore, we analyze these data quantitatively to estimate the depth dependence of the epithelial scattering coefficient in cervical tissue. To investigate the potential differences in scattering within different types of epithelium, we took measurements from normal cervical tissue as well as from potentially precancerous regions.
Methods and Materials

A. Patients
Cervical biopsies were acquired from 28 patients at the Colposcopy Clinic at the University of Texas M.D. Anderson Cancer Center in Houston, Texas. The patients were referred to the clinic for suspected dysplasia on the basis of an abnormal cervical cytology or for removal of cervical tissue with the loop electrical excision procedure owing to a previous diagnosis of dysplasia. Informed consent was obtained from each patient, and the project was reviewed and approved by the Surveillance Committee at the University of Texas M.D. Anderson Cancer Center and the Institutional Review Board at the University of Texas at Austin.
B. Specimens
Four uterine cervix biopsies were acquired from each patient under colposcopic guidance. Two adjacent biopsies were taken from a colposcopically normal area, and two adjacent biopsies were taken from a colposcopically abnormal area of the cervix. Biopsies were immediately placed in growth media (Dulbecco's Modified Eagle's Medium, no phenol red). Colposcopic impression (normal versus abnormal) was recorded for each biopsy. The biopsies were approximately 3 mm wide by 4 mm long by 2 mm thick. One normal-abnormal biopsy pair was submitted for routine histologic examination by use of the hemotoxylin and eosin (H&E) stain. Sections were examined by an experienced, board certified gynecologic pathologist (A. Malpica). The other normal-abnormal biopsy pair was embedded in agarose, and a portion of each biopsy was sectioned transversely into approximately 200-m-thick sections with a Krumdieck tissue slicer. After removal from the agarose, the fresh tissue sections and remaining biopsy were placed back in a growth medium. Reflectance confocal images were obtained from the transverse tissue sections, and the remaining intact portion of the biopsy within 2 h of sectioning and within 4 h of excision. Confocal images were obtained from the transverse fresh tissue slices with the focal plane of the microscope oriented parallel to the tissue slice, resulting in transverse images. Confocal images of the remaining intact portion of the biopsy were obtained with the focal plane of the microscope parallel to the epithelial tissue surface, resulting in en face images.
C. Confocal Imaging
Reflectance confocal images were obtained from each biopsy by means of an epi-illumination laser scanning confocal microscope described in Ref. 15 , with minor modification. The illumination source was a continuous-wave diode laser operating at 810 mm. Images were acquired with a 25 ϫ 0.8 NA (numerical aperature) water-immersion objective (PlanNeofluar multi-immersion, Zeiss). The confocal system operates at a dimensionless pinhole radius of 2.5. The measured lateral and axial resolutions of the system are 0.8 m and 2-3 m, respectively. The beam splitter used in Ref. 15 was replaced with a polarizing beam splitter to increase the total system throughput. The p-polarized source beam is preferentially transmitted through the beam splitter, and the s-polarized signal light is reflected preferentially toward the detector. A quarter-wave plate was added between the beam splitter and the sample to rotate the polarization of the reflected signal light.
Immediately before imaging, biopsies and biopsy sections were removed from the growth medium and rinsed with phosphate-buffered saline. Image frames were acquired at various epithelial depths in 1.5᎑m intervals up to the 250᎑m working distance of the microscope. Then a 6% solution of acetic acid was added to each sample, and the image sequence was repeated. Images were digitized with a video framegrabber card and was displayed at 6.5 frames/s on a computer monitor. Individual bitmap image files were saved from the frame grabber's video buffer. Uncompressed video files were also acquired from the video buffer as each sample was moved toward the objective in order to acquire images at a depth spacing of 1.5 m. The image depth was adjusted by moving the sample stage by means of a stepper motor; the translation rate was sufficiently slow to avoid motion artifact and image distortion. The confocal images were also compared with the corresponding H&E stained images from the adjacent biopsies to compare the morphology visible in the confocal and histologic images.
To validate that this approach yielded accurate estimates of the scattering coefficient, we performed confocal imaging of a tissue phantom with known optical properties. The phantom was composed of 6.0᎑m-diameter polystyrene beads dispersed at a density of 24 ϫ 10 6 ͞ml in gelatin. Mie theory was used to calculate the scattering parameters of this phantom at 810 nm. The scattering anisotropy, or g value, is 0.91, and the scattering coefficient at this particle density is 17.6 cm
Ϫ1
. These values are similar to those of human epithelial tissue. Confocal images were acquired from the phantom in the same manner as from the biopsies. The density of spheres was also confirmed by use of the confocal image set. The mean intensity was measured from the top surfaces of the beads, plotted as a function of depth and fit to Eq. (1); the scattering coefficient calculated in this manner was compared with that predicted by Mie theory. The scattering coefficient extracted from the tissue phantom ͑18 cm Ϫ1 ͒ was in good agreement with the calculated scattering coefficient ͑17.6 cm Ϫ1 ͒, validating the approach used.
D. Image Processing
Images from each biopsy were processed to extract the mean reflected intensity from the image and from various features within each image, such as cell nuclei, as a function of depth beneath the tissue surface. At each image depth, the mean gray-scale intensity was measured from each image. We used a segmentation algorithm to automatically segment cell nuclei within each image, 46 and we extracted the mean reflectance intensity from all segmented nuclei as a function of depth. The segmentation algorithm has a sensitivity of 90% with a false positive error rate of 14% compared with hand segmentation. The algorithm is described in detail in Ref. 46 . Briefly, as a first processing step, we employed a powerful nonlinear edge-preserving image filtering techniqueanisotropic median diffusion-to increase the signalto-background ratio. Next, knowing that the images of the nuclei exhibit strong local dependencies, and a wide range of gray scales, we utilized a Gaussian Markov random field to model these dependencies independent of the overall gray-scale variations. Since objects other than nuclei are present in cervical tissue and our image model does not include nonnuclear objects, we reduced the number of nonnuclei by removing objects that are not present in successive frames and further reduced the number of nonnuclei by using Bayesian classification. After segmentation, the mean reflected intensity of the nuclei and the entire image were plotted as a function of depth from each biopsy.
Results
Images were available from 27 biopsies from 16 patients; 17 of these were diagnosed as squamous normal tissue, 3 were diagnosed as high-grade squamous intraepithelial lesions, and 7 were diagnosed as lowgrade squamous intraepithelial lesions. Fresh tissue sectioning of 5 biopsies from 5 of these patients and 22 biopsies from the 12 other patients were not successful owing to the small size or fragile nature of the biopsies. Images were not available from two biopsies from two patients. Figure 1 shows the effect of acetic acid on the confocal reflectance images of the cervical epithelium and stroma. Brighter epithelial nuclei are visible in the epithelial images after the application of acetic acid. Fibroblast nuclei can also be seen in the fibrous tissue of the stroma after application of acetic acid, although they are smaller and less uniformly distributed than epithelial nuclei.
We examined the confocal image stacks of the 27 biopsies obtained post-acetic acid and observed that all the resulting images could be grouped into several types of image patterns. Figure 2 shows representative images from these image patterns. In the superficial epithelium approximately half the biopsies showed images with a bright, speckled pattern of varying density, as illustrated in Figs. 2(a) and 2(b) . In most of these cases, the reflectance signal is localized to a relatively large area at the periphery of the cells and few nuclei are visible, as indicated by the arrow in Fig. 2(a) . The location of the speckled pattern is consistent with the location of keratin at the periphery of these epithelial cells. In three of the biopsies this bright pattern covered most of the images and nuclei were difficult to distinguish from the speckled pattern [ Fig. 2(b) ]. In the other half of the biopsies, the superficial and intermediate epithelium showed confocal images with little reflectance from the periphery of the cells and with bright reflectance from the cell nuclei; Fig. 2(c) shows an example of this type of image pattern. In biopsies with dysplasia the superficial and intermediate epithelium showed a similar image pattern, except that the density of nuclei was much higher, as in Fig. 2(d) . The speckled pattern associated with keratin is also apparent at the periphery of cells in Figs. 2(c) and 2(d) ; however, the pattern is much less prominent and covers a much smaller area. Images of the basal epithelium also contained high-density nuclei; however, the nuclei are smaller and much more dense [ Fig. 2(e) ]. Stromal images illustrate the reflectance from collagen fibers and fibroblast nuclei [ Fig. 2(f) ]. In many biopsies the transition between these regions was abrupt, and the image stacks reflected a layered appearance within the epithelium. Table 1 shows the distribution of the different image patterns within the various regions of the cervix. Regions of low-density nuclei are the dominant pattern observed in normal epithelium. The table also indicates the number of image sets with a mixture of the different images patterns and the number of image sets in which the signal was insufficient for further analysis. Figure 3 shows a comparison between the confocal images taken from the regions characterized in Table  1 and the H&E-stained histologic sections of the corresponding biopsies. In this figure the confocal images are oriented parallel to the epithelial surface, whereas the histologic images are oriented perpendicular to the epithelial surface. The differences in nuclear density from the various regions correlate well between the confocal and the histologic images Analysis of the confocal reflectance images from the transverse fresh tissue indicated that the strength of the reflectance signal from nuclei did not vary appreciably within each region of the cervix or the superficial, intermediate, or basal epithelium. Therefore we analyzed the confocal image stacks to extract the tissue scattering coefficient, assuming that the strength of the reflectance, R, in Eq. (1) was constant within each region and independent of depth. However, we observed that the qualitative image morphology was homogeneous within distinct tissue layers but then abruptly changed pattern. Thus we applied, Eq. (1) to estimate the scattering coefficient within these homogeneous regions. Those regions noted as containing a mixed image pattern in Table 1 were therefore excluded from this analysis. Twelve regions of interest were sorted into the categories of Table 1 , based on their qualitative appearance. In the superficial and intermediate epithelia, these included regions of (1) low nuclear density, (2) high nuclear density, (3) keratin, and (4) keratin with visible nuclei. Beneath the intermediate epithelium, these included regions of (5) high nuclear density in the basal region and (6) stroma. We analyzed the images from each of the six categories obtained preand post-acetic acid. The image sets for the stromal data were taken from the confocal images of the transverse tissue slices. In the stroma we again assumed that the reflectivity and tissue morphology were not depth dependent. Figure 4 shows a typical plot of the average intensity of reflectance from nuclei as a function of depth beneath the epithelial surface; this graph also shows the mean reflectance intensity from the whole image. Corresponding images at several depths are shown at In the superficial epithelium a bright speckled pattern attributed to keratin is found in approximately 50% of the images. The pattern is confined to the cell periphery in some superficial epithelia (a) but is found throughout the epithelium in others (b). An even, low-density pattern of nuclei is associated with normal squamous cells in normal superficial epithelium (c), whereas an irregular pattern of high-density nuclei is associated with the presence of dysplasia (d). Near the basement membrane (e), cell nuclei are also dense but much smaller. In the stroma (f), collagen bundles are not easily resolved but produce a bright irregular pattern.
the top of the figure. Three distinct regions are apparent in Fig. 4 : (1) a keratinizing region at the surface of the biopsy with bright nuclei, (2) a region of low-density nuclei in the superficial and intermediate epithelia (55-90᎑m image depth), and (3) a region of high-density nuclei near the basement membrane (130-160᎑m image depth). An increase in the signal is apparent near 120 m; the rise in the mean image intensity is due to the increased nuclear density near the basement membrane. Figure 5 shows the same data plotted on a log scale, which clearly indicates the regions of the sample in which the signal decays at different rates. We initially fit these data to Eq. (1) to extract the decay rates with the expectation that both the mean reflectance from the entire image and the mean reflectance of the nuclei would decay at the same rate. However, unexpectedly, the exponential decay constants extracted from the depth-dependent intensity of the average nuclear reflectance and the average image intensity were not the same in each image. Further image analysis revealed that each image contained a constant background signal, which we attribute to multiply scattered light generated outside the focal volume but not completely rejected by the confocal pinhole. The magnitude of this background light was assessed from areas of the image that did not include nuclei or signals from the cell periphery, and was found to be between 10 and 20 gray levels, depending on the biopsy but independent of the depth of the focal plane beneath the epithelial surface. We therefore fit the data to a modified form of Eq. (1):
where BG represents this multiply scattered background light. The result of adding this term is to increase the extracted scattering coefficient by 10%-40%. The depth-dependent intensity values of the mean nuclear reflectance and the mean image reflectance from 26 regions of 15 biopsies taken from 14 patients were fit to Eq. (2). Both the mean nuclear reflectance data and the mean reflectance data were simultaneously fit to Eq. (2) in the least-squares sense; free parameters of the fit included R, BG, and the attenuation coefficient. Fits were performed on data acquired both before and after the application of acetic acid. Figure 6 shows the average values of the scattering coefficients extracted from the biopsy regions after the application of acetic acid. The scattering coefficients extracted from the superficial epithelium indicate that scattering is highest in regions in which the reflectance from the cell periphery is strong. The average scattering coefficient drops in regions with low nuclear density and increases as nuclear density increases near the basement membrane or in dysplasia. Beneath the basal epithelium, in the superficial stroma, the scattering coefficient increases. Interestingly, the scattering coefficients extracted from the image sets obtained before the application of acetic acid (data not shown) were not significantly different for areas with keratin or stroma but were slightly lower for areas with low and high nuclear density.
Discussion
These results suggest that the two primary sources of scattering in the cervical epithelium are cell nuclei and keratin. Areas of epithelium with high nuclear density or keratin or both resulted in scattering coefficients that were 3 times higher than those for epithelial tissue with low nuclear density and little keratin. Areas with high nuclear density resulted in scattering coefficients that were a factor of 2-3 times greater than those associated with areas of low nuclear density. In normal tissue, high-density nuclei were associated with the basal layer of the epithelium, whereas in precancerous tissue, high nuclear density was associated with the presence of dysplasia, which is similar to our previously reported results. 43 The keratinizing regions were observed in the superficial epithelium in approximately half of the biopsies measured. In two-thirds of these biopsies the presence, and relative thickness, of this bright superficial layer prevented the resolution of subcellular detail in the basal layer. In most of the biopsies examined here, the scattering coefficient changed dramatically at a particular depth within the epithelium, and in no instance was the scattering coefficient homogeneous throughout the entire epithelium. Eighty percent of the normal biopsies contained the lower scattering region in either the superficial or the intermediate epithelium. In approximately half of these normal biopsies, the lower scattering region was localized in the intermediate epithelium between a highly scattering superficial layer and highly scattering basal and stromal regions. Table 2 compares the scattering values reported here with previously published results. Mourant et al. 49 previously studied the relationship between wavelength and scattering and determined that scattering decreases as 1͞ 1.1 . This relation was used to calculate the values for other tissues reported in Table 2. In some cases the reduced scattering coefficient was published. In these cases the reported g values were used to calculate the scattering coefficients reported in Table 2 . The results presented here are slightly higher but not significantly different from the results we reported previously, 43 which measured average scattering coefficients of 69 cm Ϫ1 for precancerous tissue and 22 cm Ϫ1 for normal tissue. We suspect the lower values to be a result of the inclusion of the background, multiply scattered light in the analysis of this data. The value reported here for low-density nuclear tissue ͑33 cm 
͑137 cm
Ϫ1
͒. Based on qualitative observation of our images and images of cervical epithelium in Ref. 43 , we suspect that the scattering values deep within the stroma are higher than the values reported here for superficial stroma. A limitation of the present study is the small number of patients and the corresponding limited number of homogeneous regions available for exponential fitting. A study of larger numbers of patients may better reveal common patterns of layered scattering within cervical tissue.
The results reported here have important implications for computational tissue modeling of epithelial tissue fluorescence and reflectance and for optical probe design for in vivo data and image acquisition. The disparity in scattering between regions of the epithelium suggest that models that assume homogeneous scattering may not be well suited for predicting the propagation of light through most cervical tissue. Based upon the scattering results, a homogeneous model might be valid for high-grade dysplasia in which high-density nuclei are present throughout the epithelium. However, in normal tissue, two other situations appear to be possible. In the first, the epithelium consists of two layers-a superficial and an intermediate region containing low-density nuclei, on top of a basal layer containing high-density nuclei-on top of a highly scattering stroma. In the second, the epithelium consists, of three layers-a superficial, highly scattering keratinized layer, over an intermediate region of low-density nuclei, with a basal layer of high-density nuclei underneath-on top of a highly scattering stromal layer. The results also have important implications for the penetration of light into tissue. The presence of the lowscattering regions in most biopsies implies deeper penetration of light into the tissue in most normal epithelial tissue.
Many computational models used to aid in the design of fiber-based probes assume that the epithelium and stroma can be satisfactorily represented by a homogeneous scattering coefficient. Pfefer et al., 27 Pogue and Burke, 28 and Quan and Ramanujam 29 have shown that parameters, such as the fiber diameter, source-to-collection fiber separation, and probeto-tissue surface distance, all affect the mean path length and collection efficiency of optical probes and imaging systems. Pfefer et al. presented an extensive Monte Carlo modeling study to investigate the design parameters of the fiber-optic probes. He studied the effect of tissue optical properties on fluorescence spectra, assuming homogeneous optical properties with scattering coefficients ranging from 70 to 140 cm
. He found an increase in axial selectivity with decreasing fiber radius. Pogue and Burke demonstrated a fiber-optic probe in which the signal intensity is not significantly affected by the medium's absorption and scattering coefficients but depends only on the properties of the fluorophores. This design was based on Monte Carlo simulations of a homogeneous medium with a scattering coefficient of 100 cm
, well above what we find for the epithelial layer of cervical tissue. Quan and Ramanujam presented a concept to locate the depth of a target layer of precancerous tissue between a normal epithelial layer and a stromal layer. This method was based on exciting and recording the fluorescence through apertures of variable diameter. Assuming the same scattering coefficient for all three layers ͑100 cm Ϫ1 ͒, they showed that the variable-aperature imaging method could be used to determine the depth dependence of the fluorescence contrast provided by the precancerous epithelium. Again, these calculations assume a much larger epithelial scattering coefficient than was measured here. The conclusions of all of these studies may not be applicable to the cervix, and further study of probe design is needed for commonly encountered patterns of layered scattering. Finally, the lower scattering values in the superficial and intermediate epithelia also suggest improved imaging depths for many imaging modalities. The fundamental limit for reflectance-based imaging within tissue is high scattering. A change in the scattering coefficient from 100 cm Ϫ1 (the often assumed value) to 33 cm Ϫ1 results in an almost twofold increase in imaging depth for epi-illumination imaging. This is particularly significant for imaging modalities, such as confocal and two-photon microscopy, that use longer wavelengths in which scattering of light within tissue is the most significant source of signal loss. The presence of the highly scattering superficial layer has a detrimental effect on image penetration depth. Its occurrence in half of the biopsies for both normal and precancerous tissue implies that the image penetration depth is significantly dependent on patient-to-patient variability in the presence of keratin.
